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For a spectroscopy purpose, we are interested in producing continuous wave  
 
(CW) UV laser light at 243 nm with at least 2 mW power.  The theory of nonlinear  
 
optics suggests that we should be able to produce a desired 2.9 mW of 243 nm light by  
 
second harmonic generation (SHG) from a 50 mW blue laser at 486 nm using a BBO  
 
crystal in a build up cavity.  The most important physical parameters are calculated.  A  
 
10 mm Brewster cut BBO crystal can provide phase matching conditions for coupling  
 
two ordinary photons at 486 nm and make a secondary beam at 243 nm.  The single pass  
 
conversion efficiency is calculated not to be enough to generate 2.9 mW of SH light.  My  
 
investigation shows that a standing wave build up cavity can provide a buildup factor of  
 
94 and an overall conversion efficiency of 5.9% if one use an input coupler mirror with  
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The laser has produced a significant impact on science and technology.  Since  
 
immediately after creation of the first laser in 1960 [1], interaction between laser light  
 
and materials has been attractive to scientists. 
 
 Second harmonic generation (SHG) from a fundamental laser beam was first  
 
discovered by Franken et al in 1961 [2].  Franken’s group was able to generate radiation  
 
of the doubled frequency of a ruby laser by passing its light through a quartz crystal. 
 
 Since then, after important discoveries of atomic structures by laser spectroscopic  
 
techniques, the monochromatic and coherent laser beams have come to be considered as  
 
clean sources of light for laser spectroscopy and material processing [3]. 
 
 Laser light in the ultra violet (UV) region is very useful for atomic spectroscopy,  
 
laser communication, fiber Bragg grating (FBG) writing, and material processing.  For  
 
example, the two photon excitation of the 1S – 2S interval of hydrogen can be achieved  
 
with the 243 nm light that we are interested in [4].  High power UV lasers are currently  
 
available using rare-gas halide exciter lasers (e.g. XeCl, KrF and ArF).  Since these lasers  
 
use corrosive gases, they lack frequency stability and pointing stability.  They also need  
 
regular maintenance and take a lot of space.  Scientists prefer compact, maintenancefree,  
 
and all solid state lasers for precise experiments. 
 
 Today, laser diodes (LD) provide a compact, efficient and reliable source of  
 






is limited only by its wavelength range, which is in the red and infrared part of the  
 
spectrum.  However, UV laser beams can be generated using nonlinear optical (NLO)  
 
properties of nonlinear materials such as beta-barium borate (BBO), lithium triborate  
 
(LBO) and periodically poled lithium niobate (PPLN). 
 
 Because most experiments in laser spectroscopy can be done by using low power  
 
laser beams in the range of 2 ∼  50 mW, harmonic generation from the fundamental  
 
frequency of a diode laser represents a reliable alternative to the other laser technologies  
 
for UV experiments.  Although the low power of the LD makes it more difficult to  
 
generate harmonic frequencies due to different losses in the mirrors and crystals, several  
 
successful results have been reported [5,6,7].  At the same time, driving a higher  
 
frequency laser from a fundamental beam is challenging.  At wavelengths less than 300  
 
nm, mirrors and crystals become very absorptive.  For example, to do two photon  
 
excitation of the 1S- 2S transition in tritium atoms, we need 2 mW of light at 243 nm, but  
 
most nonlinear materials are very absorptive at 243 nm.  One of the best choices has been  
 
BBO crystal due to its higher transparency for nm190>λ  than other nonlinear crystals  
 
[14].  The following theoretical results suggest that the overall conversion efficiency for  
 
SHG from 486 nm with an average power of 50 mW using a BBO crystal would be only  
 
5.9% , using a standing wave buildup cavity . 
 
 In this work I will discuss nonlinear optics first.  Then I reintroduce one of the  
 
most common nonlinear material (BBO) for harmonic generation used currently.  The  
 









THEORY OF NONLINEAR OPTICS AND SECOND HARMONIC GENERATION 
 
Linear Polarization 
 Nonlinear optics is a branch of optics that explains the nonlinear response of 
atoms and molecules to an optical radiation field.  I start with linear optics and then 
switch to nonlinear optics.  This way we can distinguish between nonlinear and linear 
optics and the response of materials in both cases. 
 In the classical model of interaction between an electromagnetic field and 
materials, whenever an electric field is applied on a material, the distance between the  
electrons and nucleus changes.  This effect is called polarization.  If the electric field is  
 
alternating, the induced polarization alternates too.  The frequency of polarization  
 
induced on the matter can be considered equal to the frequency of the applied field [8].   
 
Because the distance between electrons and ions is oscillating, this represents a dipole  
 
radiation or electromagnetic wave.  The dipoles radiate with the same frequency of  
 
applied field too. The phase of this oscillation is determined by the restoring force  
 
between the electrons and nucleus.  Therefore, part of the incident electromagnetic wave  
 
is used to produce oscillating dipoles, which radiate a wave with the same frequency but  
 
with a different phase.   
 
 For calculating linear polarization we use Lorentz’s model.  In this model we  
 
assume that there are N molecules per unit volume with Z electrons each in the matter in  
 
which the optical wave has been applied.  We also assume that all dipoles reradiate the  
 





direction and interferes destructively in all other directions [8].  
  
 Assume the incident electric field has the form  
 
tiikxti eEexEtxE ϖϖ −== 0)(),(       (2-1-1) 
 
where ω  is the frequency of the incident optical wave and 0E  is the maximum amplitude  
 
of the alternating wave.  To estimate the induced electric dipole moment, we assume the  
 
binding force between electron and ion is a restoring force of the form 
 
xmF 20ω−=                                  (2-1-2) 
 
where m is the mass of the electron and 0ω  is the binding frequency about equilibrium.  
 
This means that under the action of the external electric field of ),( txE  the electron  
 
displaces from its equilibrium by an amount x .  Therefore, 
 
 ),(20 txeExmF −=−= ω                 (2-1-3) 
 
or                         
 
  ),(20 txeExm =ω .                           (2-1-4) 
 
 
In the classical model of electrodynamics, the equation of motion for an electron becomes  
 
[12]:  
   
                           ),()( 20 txeExxxm −=+′+′′ ωγ             (2-1-5) 
 
where γ  is the damping force constant.  By replacing ),( txE  with (2-1-1) this becomes  
 
tiikxti eEexeEtxeExxxm ωωωγ −− −=−=−=+′+′′ 0
2
0 )(),()(  (2-1-6) 
 










xL , which means the amplitude of oscillation is small enough to permit  
 
evaluation of the electric field at the average position of the electron, x  can be written as 
 
 
tiikxexx ω−= 0 .                                     (2-1-8) 
 
 









=+−− ωωγω .           (2-1-9) 
 
 










x .                   (2-1-10) 
 
Therefore, the dipole moment contributed by one electron is 
 









exp .             (2-1-11) 
 
If there are N  molecules per unit volume with Z  electrons per molecule and each one     
 
with its own binding frequency, such that we have jf  electrons per atom with binding  
 





















ptxP . (2-1-12) 
 
On the other hand polarization can be written as 
 
),(),( 0 txEtxP χε= .                            (2-1-13) 
 



















Ne .        (2-1-14) 
 
By knowing the electric susceptibility we can calculate the linear polarization ),( txP . In  
 
a crystaline medium the linear susceptibility is a tensor that obeys the symmetry property  
 




 In the previous section we assumed that polarization is proportional to the  
 
electric field. But in real crystals, polarization is caused by an expansion of powers of the  
 






0 +++= txEtxEtxEtxP χεχεχε ,         (2-2-1) 
 
where )1(χ  is the linear susceptibility or χ   in the last section, )2(χ is the second order    
 
nonlinear susceptibility which is proportional to the electric field quadratically, and  
 
)3(χ is the third order nonlinear susceptibility and so on.  )2(χ and )3(χ give rise to the  
 
second and the third harmonic generation.  In this work we are interested in the second  
 
harmonic generation interaction.  Therefore, we reduce the relation (2-2-1) to the  
 
nonlinear second harmonic part 
 
),(2)2(0 txEPNL χε= .                         (2-2-2) 
 
Interaction of Two Optical Fields and SHG 
 
 In this section we first consider coupling two optical fields with different  
 
frequencies.  Then we simplify relations for second harmonic generation where both  
 








ωω −− ==           (2-3-1) 
 
where the electric field ),( txE is a function of. ix ( the three orthogonal position  
 
coordinates zyxxi ,,=  for 3,2,1=i  respectively) directions with frequency 1ω , and a  
 





ωω −− == .        (2-3-2) 
 
Similarly, jx  is any of the x , y  and z  position coordinates and the frequency is 2ω . 
 
 If we apply these two fields to a nonlinear medium, we will observe polarization  
 
at a frequency of 213 ωωω += .  Furthermore, (2-2-2) becomes; 
 














2221 )()()()(),( ωωωω χεχε +−−− ==  (1-3-4) 
 
Here, )2(ijkχ   is the tensor of the second order electric susceptibility.  The requency of  
 
),( txPNL  is higher than both applied optical fields.  If the frequencies of both fields are  
 
the same, this represents the second harmonic generation whose polarization has a  
 
doubled frequency of each field 
 
213 22 ωωω == .                                     (2-3-5) 
 
Traditionally, nonlinear polarization has been defined by [10]: 
 
),(),(2),( txEtxEdtxP jiijkNL =                 (2-3-6) 







02 ijkijkd χε=                                           (2-3-7) 
 
From now on we will mostly use ijkd  as the nonlinear coefficient rather than 
)2(
ijkχ .  ijkd  is  
 
a tensor that can be determined for different crystals depending their chemical structures.  
 
Only crystals with noncentrosymmetric structures can have nonzero elements of ijkd  [10].  
 
In a centrosymmetric crystal, by reversing the sign of ).,( txEi and ),( txE j  the sign of  
 
polarization  ),( txPNL  must reverse and not affect the amplitude of polarization.  
 
Therefore, in centrosymmetric crystals we have 
 




0=ijkd .                                                             (2-3-9)   
 
For a noncentrosymmetric crystal, ijkd  is a 333 ××  tensor.  However, there is no change  
 
in the value of the nonlinear coefficient by exchanging i and j  in the relation (2-3-6).   
 
Therefore, the tensor ijkd  can be reduced to a 36× tensor by replacing subscripts ij and  
 
ji  by contracted indices [9].  Notation of ijkd   may be reduced to ind  where jkn = , or  
  
injki dd =)( .  n can be a number between 1 and 6 corresponding to [10]: 
 
1=xxn ,   2=yyn ,   3=zzn ,  4== zyyz nn ,   5== zxxz nn ,  6== yxxy nn .  (2-3-10) 
 































































































        (2-3-12) 
The polarization components the in three directions of x, y and z become: 
 
)(2)(2)(2)()()( 161514131211 yxxzzyzzyyxxx EEdEEdEEdEEdEEdEEdP +++++=  
 
)(2)(2)(2)()()( 262524232221 yxxzzyzzyyxxy EEdEEdEEdEEdEEdEEdP +++++=  
 




As we can see, the factor of 2 in Eq. (2-3-6) applies for the interaction of two fields  
 
in two different directions such as xE and yE , where coupling is possible in two different  
 
way: yx EE  or xy EE .  But in the interaction of two fields in the same direction there  
 
is only one possible way such as xx EE .  Thus the factor 2 is not applicable. 
 
Depending on what coefficients from 11d  to 36d  are nonvanishing we can have     
 
various coupling possibilities.  For example, the BBO crystal with point group 3m- C3c  
 
(symmetry with respect to x direction) has the following ind  tensor [10]: 
 






























          030353426252314131211 ========== dddddddddd .         (2-3-15) 
 
The nonvanishing coefficients are 
 
3332312422211615 ,,,,,,, dddddddd .                          (2-3-16) 
 
These nonvanishing constants can be related to each other according to the crystal  
 
symmetry.  For a BBO crystal nonvanishing coefficients are related as 
 
2216 dd −=    ,    2221 dd −=    ,   1524 dd −= .         (2-3-17) 
 
Therefore, the possible coupling interactions using a BBO crystal are 
 
)(2)(2 2215 yxxzx EEdEEdP −=                            (2-3-18) 
 
)(2)()( 152222 zyyyxxy EEdEEdEEdP −+−=       (2-3-19) 
 
)()()( 333231 zzyyxxz EEdEEdEEdP ++= .          (2-3-20) 
 
Since the z axis is always considered as the optic axis, this means that the electric field in  
 




)(2 22 yxx EEdP −=                                                (2-3-21) 
 
)()( 2222 yyxxy EEdEEdP +−=                             (2-3-22) 
 






OPTICS OF UNIAXIAL CRYSTALS 
 
Because we are interested in using a BBO crystal for second harmonic generation  
 
of the laser light at 486 nm, we focus on the optical properties of uniaxial crystals.  BBO  
 
is a negative, uiaxial and anisotropic crystal with a trigonal system (point group 3m-C3v).   
 
In this chapter I explain wave propagation and the phase matching condition in uniaxial  
 
crystals.  I also define and calculate important parameters such as the phase matching  
 
angle mθ , the walkoff angle between the fundamental and the second harmonic energy  
 
flow directions ρ , and the effective nonlinear coefficient effd  for SHG of light at 486  
 
nm.  Finally the single pass conversion efficiency η  using BBO will be calculated. 
 
Light Propagation in an Anisotropic Medium 
 
  In most nonlinear crystals, optical properties depend on the propagation direction  
 
and also the polarization direction [10].  The difference between isotropic and anisotropic  
 
lies in the directions of propagation and polarization of light.  In isotropic materials, the  
 
polarization direction is always parallel to the electric field of optical wave.  However, in  
 
an anisotropic crystal the polarization direction can be in a different direction from the  
 




zyxx EEED 131211 εεε ++=                         (3-1-1) 
 
                             zyxy EEED 232221 εεε ++=                        (3-1-2) 
 





where ijε  is the dielectric permeability tensor.  ijε  is defined as 
 
       )1(0 ijij χεε +=                                            (3-1-4) 
 
where χij  is the electric susceptibility, discussed in last the chapter, and 0ε  is the air  
 
dielectric constant.  Therefore, the equations (3-1-1→3) can be written as 
 
       jiji ED ε=                                                    (3-1-5) 
 
where ji, can have the values of 1,2 and 3.  They stand for 3,2,1 === zyx .  With this  
 
definition, the energy density of a stored electric field in an anisotrpic crystal like any  
 
other medium is: 
 
       jiji EEEDU ε2121 ==                                  (3-1-6) 
 












































.              (3-1-7) 
 
In the anisotropic crystals, the phase velocity of light depends on both the  
 
polarization state and the propagation direction [10].  Anisotropic properties causes the  
 
variation of polarization state as light propagates through a crystal.  The surface of  
 
constant energy density in three dimension (3-1-6) can be written as 
 
== EDU2 zzzyyyxxxjiji EEEEEEEE εεεε ++= .              (3-1-8) 
 




 , the relation above becomes 
 














where xε , yε  and zε  are the principal dielectric constants.  The phase velocity phν  of the  
 
wave is [12] 
 





ph   , with   
00εµ
µε=n ,             (3-1-10) 
 
where c is the speed of light, n  is the index of refraction, ω  is the angular frequency of  
 
the light, and k is wave number.  Because nonlinear crystals are nonmagnetic materials, 
 




                             xxn ε=  ,  yyn ε=   ,   zzn ε= ;            (3-1-11) 
 
these are xn , yn , zn are the principal indices of refraction.  The principal axes yx, and z   
 
are defined by 

















2 = .                   (3-1-12) 
 














x .                                          (3-1-13) 
 
This is the equation of an ellipsoid with the lengths xn2 , yn2  and zn2  in the directions  
 
of the principal axes for any crystal including biaxial and uniaxial.  This relation is called  
 
the index ellipsoid equation.  The surface of the index ellipsoid provides useful  
 
information about optical wave propagation in anisotropic crystals.  If zyx nnn >> , the  
 





























FIG. 1.  A representation of the index ellipsoid for any crystal with zyx nnn << . 
 
 When xn , yn  and zn have different values, the crystal has two optical axes [10].  
 
In this case, the crystal is called biaxial.  Uniaxial crystals are special case of biaxial  
 
crystals which the indices of refraction along two principal axes become the same and  
 
constant for any direction with respect to optical axis.  This means that there is no  
 
distinction between indices of refraction yn  and xn in two directions, we can write 
 







yx nn === .                              (3-1-14) 
 In this case, there would be only one optical axis, which is the z  axis.  Fig. 2. shows the  
 



























                                  (a)  (b) 
 
FIG. 2.  (a) The index of refraction profile on the xz  plane for a uniaxial crystal. As can 
be seen zx nn &  become equal on the z axis which means z  is the optical axis. 
(b) Indices for biaxial crystal with the optical axes not along z axis. 
 
 




yxo nnn ==                                         (3-1-15) 
 
On the other hand, zn  is called the extraordinary index of refraction: 
 
ze nn =                                                (3-1-16) 
 
Uniaxial crystals with enn >0  are called negative.  If oe nn > , the crystal is called  
 
positive.  Intersections of normal surfaces with the xz  plane for positive and negative  
 



































    (a)                                                                    (b) 
 
FIG. 3.  (a) Indices of refraction for positive crystals ( oe nn 〉 ) and  (b) The indices of 
refraction profiles for negative crystals ( eo nn 〉 ). 
 
Propagation of Light in Uniaxial Crystals 
 
 As we mentioned before, the z direction is always the optical axis for uniaxial  
 
crystals.  The plane that contains the optical axis and the wave vector k of the light is  
 
called the principal plane [13].  FIG. 4. shows the optical axis z, light propagation  
 







































       
 
 
FIG. 4.  The principal plane which contains the optical axis and the k  vector in the 
principal coordinate system. 
 
 For the extraordinary light beam the polarization direction is always in the  
 













FIG. 5.  The electric field direction for an extraordinary wave in uniaxial crystals. 
 






























FIG. 6.  The electric field direction for an ordinary wave in uniaxial crystals. 
 
 
The index of refraction for the ordinary light doesn’t depend on the propagation  
 
direction, but for the extraordinary beam it does [13].  That is, the index of  
 
refraction for the ordinary beam does not depend on the angle θ with respect to theoptical  
 
axis z.  But for an extraordinary beam the index of refraction varies by changing the  
 
direction of propagation with respect to the optical axis.  Indices of refraction of the  
 





























The extraordinary index of refraction can vary as a function of θ  for a fixed frequency  
 
ω , but the ordinary index of refraction is constant: 
 
                                  ωω θ oo nn =)( ,                                        (3-2-1) 
 














+= .             (3-2-2) 
 
As was mentioned before, for an anisotropic crystal the index of refraction depends on  
 
light propagation as well as polarization direction.  The difference between the value of   
 
the indices of refraction for ordinary light ( on  ) and extraordinary light ( en ) is called the  
 
birefringence, n∆ : 
 
                            eo nnn −=∆                                                             (3-2-3) 
 
Along the optic axis, n∆  becomes zero.  n∆  increases in moving from the optical axis  
 
( z ) to any x  or y  directions and it reaches to its maximum on the xy  plane.  
 
Indices of refraction for both the ordinary and the extraordinary light are functions  
 
of the frequency of light and the operating temperature of the crystal.  Conventionally,  
 
the indices of refraction for ordinary and extraordinary beams are shown in the Sellmeier  
 
form.  For example, BBO has the following Sellmeier relations for on  and en  as a  
 










+=en ,         for BBO 
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+=n .          for BBO              (3-3-5) 
  





change very slightly with temperature.  on and en as functions of temperature have been  
 






−6106.16)(λ           for BBO       (3-2-6) 
 





−6103.9)(λ             for BBO       (3-2-7) 
 
The indices of refraction change very slightly with temperature and precision   
 
temperature tuning is one of the techniques for improving the phase matching condition  
 
and in a nonlinear SHG process.  Table I shows the values of indices of refraction of  
 
BBO at different wavelengths (including 486 nm and 243 nm that we are interested in)  
 
for the ordinary and the extraordinary beams at room temperature (25°C) and 75°C. 
 
TABLE I.  The ordinary and the extraordinary indices of refraction, 
birefringence( eo nnn −=∆ ) at different operating temperatures T and wavelengths λ . 
 
                                                 T = 25°C           T = 75°C 
 
 λ (wavelength)         on             en              n∆               on             en              n∆   
 
         243 nm           1.6872      1.5643       0.1229       1.6858       1.5635       0.1223 
 
         486 nm         1.6796      1.5588       0.1208  1.6782       1.5581      0.1201 
 
         532 nm         1.6749      1.5555       0.1194        1.6735       1.5547      0.1188 
 




 A quick look at the values in the Table I shows that for BBO the ordinary and the 
 





also can be seen that by increasing the temperature the values of eo nn , and birefringence  
 
n∆  decrease for a corresponding wavelength.           
 
Phase Matching Conditions for SHG in Uniaxial Crystals 
 
 The phase matching angle is the angle with respect to the optical axis at which the 
 
fundamental beam has to propagate inside the crystal principal axis configuration to  
 
optimize SHG.  There are two angles that we mention throughout this chapter, mθ (the  
 
phase matching angle) andφ , which is the azimuthal angle with respect to the x or y  
 
direction.  The angle φ  determines an effective k vector direction in the crystal.  To  
 






∂=×∇                                  (3-3-1) 




∂−=×∇                                       (3-3-2) 
 
                                    
µ
BH =                                                 (3-3-3) 
 
EJ σ=                                                (3-3-4) 
 
                                    NLPED += ε                                       (3-3-5) 
 
                                   )1( χεε += o .                                      (3-3-6) 
 
Here NLP  is the nonlinear polarization, discussed and defined by (2-2-2). Taking the 
 






∂−×∇=×∇×∇ .                   (3-3-7) 
 










∂−=×∇×∇ .                 (3-3-8) 
If 
 
EEE 2).()( ∇−∇∇=×∇×∇         and       0. =∇ E ,           (3-3-9) 
 







∂−=∇− µ .                             (3-3-10) 
 
By replacing H×∇  from (3-3-1), we can show: 
 
























∂=∇ µ .                              (3-3-12) 
 

















=∇ σεµ .            (3-3-13) 
 
Finally, it can be reduced to: 
 



















E NL σµεµµ .           (3-3-14) 
 
This equation describes the electric field E  generated by the polarization NLP .  The  
 
fields in Eq. (3-3-14) are instantaneous fields [9].  
 
 As was mentioned before, z is the optical axis; therefore, the plane wave  
 














E                                    (3-3-15) 
 
Solutions for equation (3-3-14) can be the real part of oscillating fields.  Three solutions  
 















3333 zktizkti ezEezEtzE −− == ωω ωω .            (3-3-18) 
 
We recall Eq. (2-3-6) and replace ijkd  by effd  which is called the effective 
 
nonlinear coefficient.  effd depends on crystal symmetry and is a function of the phase  
 
matching angle mθ  and the azimuthal angleφ. ijkd and ind  values where discussed on  
 
page 8.  effd   will be discussed in the next section. 
 
Now, the polarization (with frequency 3ω ) of two coupled waves with  
 
frequencies equal to 1ω , 2ω  can be written as 
 
),(),(2),,( 213 tzEtzEdtzP effNL =ω .          (3-3-19) 
 
If the interacting fields ),,( 11 tzE ω  and ),,( 22 tzE ω  have the same frequencies  
 
21 ωωω == , and the field ),,( 33 tzE ω  has frequency of 321 222 ωωωω === , the  
 
interaction represents the second harmonic generation polarization.  Polarizations of the  
 
fundamental wave at ω  and the second harmonic at ω2  can be calculated by plugging  
 















2),(),().,2( ωωωωω −=               (3-3-21) 
 
where ),(*1 tE ω  is the complex conjugate of ),(1 tE ω , and ωk and ω2k are wave numbers  
 
for the fundamental and the second harmonic beams.  In order to have the fundamental  
 








                                           ωω kk 22 =                             (3-3-23) 
 
The equation above is the phase matching condition for effective nonlinear second  
 
harmonic generation.  We would like to translate this phase matching condition into the  
 
information containing indices of refraction for the ordinary and the extraordinary beams.  
 
To do so, we can define ωk and ω2k as 
 
                                           ωω εµω nk = ,                     (3-3-24) 
 
                                           ωω εµω 22 2 nk = .                (3-3-25) 
 
Therefore, condition (3-3-23) becomes:  
 
=== ωωω εµω nkk 22 2 ωεµω 22 n            (3-3-26) 
 
By simplifying (3-3-26) we can define the phase matching condition in the new form 
 
ωω nn =2 .                             (3-3-27) 
 
This means for having the second harmonic generation, the indices of refraction for  
   





Two Different Types of Phase Matching in Negative Uniaxial Crystals 
 
 In the previous section I found a general relationship for the phase matching  
 
condition.  If two fundamental interacting wave have the same polarization, this is called  
 
type I phase matching [13].  For example, in negative crystals two ordinary waves with  
 
the same direction of polarization can generate an extraordinary second harmonic wave  
 
(type I). This condition can be symbolized as 
 
eoo →+ , 
 
)()2( θωωω eoo kkk =+ .                       (3-4-1) 
 
However, if two interacting fundamental waves have different polarizations such as one  
 
ordinary wave and the other one extraordinary, the interaction is called type II phase  
 




eeo →+  
 




eoe →+  
 
)()( )2( θθ ωωω eoe kkk =+ .                  (3-4-3) 
 
In this work we are interested in eoo →+ (type I) interaction, which means two ordinary  
 
waves at 486 nm wavelength interact and result in an extraordinary second harmonic  
 
wave with 243 nm wavelength.  Applying the condition (3-3-27), it requires that the  
 





refraction at 243 nm, 
 
)()2()( meo nn θωω = ,                                 (3-4-4) 
 
to have optimum phase matching.  Recalling equation (3-2-2) and replacing θ , which is  
 




















+= .       (3-4-5) 
 


















+=                  (3-4-6) 
 
Using the relation )(sin1)(cos 22 mm θθ −= and solving (3-4-5) for mθ , the phase  
 




















                      (3-4-7) 
 
 This is the equation that determines the phase matching angle for a type I  
 
interaction ( eoo →+ ) for second harmonic generation using a negative uniaxial  
 

































                
 
 
                   
 
                
FIG. 8.  The phase matching condition for negative uniaxial crystals ( eo nn > ) 
 
 We are going to generate a UV laser beam at 243 nm by the second harmonic  
 
generation (type I phase matching) of a blue laser at 486 nm.  Using the values in  
 




6797.1)( =ωon        5588.1)( =ωen       ( nm486=ωλ ) 
 




























      (3-4-8) 
 










°= 667.54mθ .         (3-4-9) 
 
TABLE II.  Theoretical and experimental values of the phase matching angle mθ (type I , 
eoo →+ ) using BBO.  ωλ , ωλ 2 are the wavelengths of light for the fundamental and the 
second harmonic beams respectfully.               
 
         ωω λλ 2⇒              mθ (Theoretical)         mθ (Experimental)               Reference 
 
 
 nmnm 205410 ⇒            °535.85      °90  [18] 
 
 nmnm 243486 ⇒            °667.54                             -- -- 
 
 nmnm 244488 ⇒            °288.54                °5.54  [19] 
 
 nmnm 266532 ⇒            °529.47                         °3.47                               [14] 
 
 nmnm 355710 ⇒            °913.32                         °9.32                               [20] 
 









The Effective Nonlinear Coefficient 
 
 Recalling Eq. (3-3-19), to calculate the polarization of the second harmonic   
 
wave, we need to know the electric fields components for the ordinary and the extra  
 
ordinary waves for type I and II interactions. Let’s start with electric field directions in  
 
the principal coordinates.  The general equation 
 
),,(),,(2),,2( 21 tzEtzEdtzP effNL ωωω =                               (3-5-1) 
 
does not contain information about the effective magnitude of electric fields.  This was  
 
the reason for replacing ijkd  by effd .  The nonlinear coefficient effd  translates a general  
 
polarization ),,2( tzPNL ω  to an intended interaction in the principal coordinates.  For  
 
example, we are interested in an eoo →+  interaction .  For calculating the polarization  
 
of the second harmonic wave, we need to know the electric field magnitude of the  
 
ordinary wave according to crystal symmetry.  Fig. 9 shows the directions of electric  
 
fields for an ordinary and extraordinary waves in negative uniaxial crystals.  By looking  
 
at Fig. 9, we can show that the components of the electric fields for the ordinary and the  
 
extraordinary waves are: 
 
               φsinoox EE =                        )coscos( moex EE θφ−=  
 
               )cos( φ−= ooy EE                   )cossin( moey EE θφ−=           (3-5-2) 
 
               0=ozE                                    )(sin moez EE θ=  
 
Here oxE , oyE , ozE  are the electric field components for the ordinary beam in  
 




























FIG. 9.  The ordinary and the extraordinary electric fields in uniaxial crystals for type I 
interaction.  x, y and Eo are in the orange plane, and kω, z and Ee are in the blue plane. 
 
Using these field components, we can write a general relation for the  
 
polarization second harmonic wave.  For type I interaction ( eoo →+ ) using a uniaxial  
 
crystal, relation (3-5-1) becomes: 
 
































=         3,2,1=j   for x,y,z directions 
By comparing (3-5-2) to the general form of     
 
)()()2( ωωω ooeffeNL EEdP =              (3-5-4) 
 
for an eoo →+ where )2( ωeNLP  is the second harmonic polarization, effd  can be written  
 
as:       
                         
=effd ikjijkjk BAAd)2( δ− .               (3-5-5) 
 




                                      iokjijkjke BEABdP
2)2( δ−=         (3-5-6) 
 
where effd  becomes: 
 
 =effd ikjijkjk BABd)2( δ−                (3-5-7) 
 
We are going to set up our experiment with type I interaction using BBO.  I will  
 
calculate effd for all possible interactions.  Then I will narrow it down to our  
 
special case of interaction.  Recalling the electric susceptibility of BBO Eq. (2-3-14), we  
 
can find effd  for any possible nonvanishing ijkd .  For calculating the total effd  , we  
 
simply, add them together.  Recall equation (3-3-21→23).  Possible polarizations in three  
 











                                     )(2 16 yxx EEdP = ,                             (3-5-8) 
 
                                     )()( 2221 yyxxy EEdEEdP += ,          (3-5-9) 
 
                                     )()( 3231 yyxxz EEdEEdP += ,         (3-5-10) 
 
We start with (3-5-8).  It contains 16d  (in the ind tensor configuration ) which means  
 
6,1 == ni  or 2,1,1 === kji .  Therefore, (2-5-5) for x direction becomes: 
 
=)(BBOdeffx ikjijkjk BABd)2( δ− = 21111212 )2( BAAdδ−  
 
       = )coscos)(cos)((sin2 16 md θφφφ −−  
 
                   = md θφφ cossincos2
2
16                                       (3-5-11) 
 
For calculating effd  in the y  direction from (3-5-9),we write 
 
=)(BBOdeffy ikjijkjk BABd)2( δ−  
    
                = 21121111 )2( BAAdδ−  + 2222222 )2( BAAdδ−  
 
                = )cossin(sinsin21 md θφφφ −  + )cossin)(cos)(cos(22 md θφφφ −−−  
 




21 −−            (3-5-12) 
 
In the z direction from (3-5-10) we have 
 
=)(BBOdeffz ikjijkjk BABd)2( δ−  
 
               = 31131111 )2( BAAdδ−  + 32232222 )2( BAAdδ−  
 
    = md θφφ sinsinsin31  + md θφφ sin)cos)(cos(32 −−  
 
             = md θφsinsin
2
31  + md θφsincos
2





The total effd would be: 
 
effzeffyeffxeff dddd ++=  
 
       =( md θφφ cossincos2
2




21 −− +  
 
         + md θφsinsin
2
31  + md θφsincos
2
32 )                            (3-5-14) 
 
Recalling the equation (1-3-17) for BBO symmetry 
 
           2216 dd −=    ,    2221 dd −=    ,   3231 dd = ,                   (3-5-15) 
 
and replacing 16d  with 22d−  and 21d  with 22d−  in the Eq. (3-5-14), we have 
 
effd =( md θφφ cossincos2
2




22 −+ +  
 
          + md θφsinsin
2
31  + md θφsincos
2
31 )                            (3-5-16) 
 
By using the relations 
                                   
φ2sin + 1cos2 =φ  
 
φφφ 3sin4sin33sin −+= , 
 
Eq. (3-5-16) becomes [13]: 
 
                            φθθ 3sincossin 2231 mmeff ddd −=              (3-5-17) 
 
This is a general relation of the effective nonlinear coefficient using BBO crystal in type I  
 





m     and        1222 103.2
−×=d  V
m .        (3-5-18) 
 







°= 667.54mθ                                          (3-5-19) 
 
Because we have the option of cutting the BBO crystal to maximize effd , we cut it at  
 
.90°=φ   This way φ3sin  gains its highest possible value.  Finally we are able to  
 
calculate effd  using (2-5-17) for our experiment: 
         
°= 667.54mθ ;       .90°=φ  
 




−×=−= φθθ mmeff ddd  V
m        (3-5-20) 
 





TABLE III. Calculated  effd  for the type I interaction using BBO.                
 







           nmnm 205410 ⇒                     °535.85            330.0  
 
           nmnm 243486 ⇒              °667.54  348.1  
                          
           nmnm 244488 ⇒              °288.54                            344.1  
 
           nmnm 266532 ⇒              °529.47                                   372.1  
 
           nmnm 355710 ⇒                       °913.32                                   121.1  
 
         nmnm 5321064 ⇒                     °880.22                                   633.0  
 






The Walkoff Phenomenon 
 
 Up to now, we have been considering that propagation directions for the  
 
fundamental and the second harmonic waves are the same.  This is true for both isotropic  
 
and anisotropic crystals.  As we can see in Fig. 10. for a uniaxial crystal wave vectors for  
 





















FIG. 10.  ωk (the blue vector refers to the fundamental blue laser light at 486 nm), ω2k (the 
violet vector refers to the UV second harmonic laser at 243 nm). 
 
Although vectors ωk and ω2k  define the plane of constant phase for any laser  
 
beam in the crystal, directions of energy flow for the fundamental and the second  
 
harmonic are not the same in crystals like BBO.  This comes from the fact that in  
 
anisotropic materials like BBO, the ordinary wave propagation ωk  is normal to the 
 












ωω 22 HE × , but not normal to ωωω 222 HES ×= .  The segregation of the two flows of  
 
energy for the fundamental and the second harmonic beams is called walkoff or double  
 
refraction and the angle between these two vectors is called the walkoff angle ρ .  This  
 















FIG. 11.  The walk off angle between an ordinary an extraordinary wave in a negative 
uniaxial crystal. 
 
To explain the cause of the double refraction or walkoff, we start with Maxwell’s wave  
 















EE µµµε .     (3-6-1) 
 
For a plane wave( ).( trkieE ω−∝ ), knowing EP ..0 χε=  and that there is no current in  
 













EE χεµµε               (3-6-2) 
or 










































χ                          (3-6-4) 
 
For an ordinary wave equation (3-6-3) the wave vector and energy flow HE ×  
 



















χ                           (3-6-5) 
 
Therefore, by plugging (3-6-5) into (3-6-3) we realize that )( Ekk ××  has a component  
 
Along the E  vector. This means that E  is not perpendicular to k .  
  
 Considering the birefringence property of uniaxial anisotropic crystals, for an 
 
ordinary wave or in our experiment the fundamental 486 nm beam, the normal vector to  
 
the tangent is in the same direction of  the wave vector. But for an extraordinary ( second  
 
harmonic 243nm) the normal to the tangent is not in the same direction as the wave  
 
vector [13].  The walkoff angle for isotropic, positive and negative anisotropic crystals  
 
can be observed in Fig 12.  By looking at Fig. 12 we can draw a relation for the walk off  
 
angle [13]. 




n θθθρ m)]tan()arctan[()( 2±=               (3-6-6) 
 
where the upper sign is for negative crystals and the lower one is for positive crystals. 
 
Now we can calculate walkoff angle for our case.  Since the second harmonic wave is an  
 


































FIG. 12.  (a) The ordinary wave vector in an isotropic materials, (b) the ordinary and 
extraordinary propagations in negative anisotropic crystals, (c) positive anisotropic 
crystals 
 
Recalling Table 1. we had 
 
°= 667.54mθ            7851.1)243( =nmon            6332.1)243( =nmen . 
 















n θθθρ  


















This is the walkoff angle for an ( eoo →+ ) interaction resulting from SHG of UV  
 
243nm light from 486 nm blue light using BBO at room temperature operating. 
 
From Eq. (3-6-6) we can conclude that if the phase matching mθ  has the value of  
 
°0 or °90 , the walkoff angle becomes zero.  This comes from the fact that on the  
 
principal axes zyx ,,  waves are all ordinary.  The phase matching with nonzero walkoff  
 
is called critical phase matching (CPM).  Whereas, the phase matching with  0=ρ is  
 
called noncritical phase matching (NCPM).  Walkoff is a source of loss in the process of  
 
SHG.  Since the double refraction or walkoff makes the beam elliptical., focusing of the  
 
beam becomes difficult.  Therefore, noncritical phase matching has a lot more efficiency  
 
than critical phase matching.  Because the walkoff segregates the fundamental and the  
 
second harmonic beams, a longer crystal experiences more elliptical divergence than a  
 
shorter crystal.  The distance between the ordinary and the second harmonic energy flows  
 
caused by walkoff divergence can be calculated from 
 
                 )tan(ρδ L=                               (3-6-8) 
 
In our case, δ  is calculated at 
 
                                                 == ° )649.4tan()01.0(δ 0.00081332 m 
                                               
                                                     = 0.813 mm       
 
Thus, the longer the length of crystal L, the wider thedivergence distance δ .  As can be  
 
seen in Fig. 13, the second harmonic becomes parallel to the fundamental after leaving  
 
the nonlinear medium.  Calculated walkoff angles for type I phase matching at different  
 

















FIG. 13.  The walkoff divergence between ordinary and extraordinary waves and          
shaping elliptical beams. 
 
TABLE IV. Calculated walkoff angles for SHG of different frequencies using a 10 mm 
BBO crystal. 
 
                ωω λλ 2⇒                       mθ (Theoretical)                   ρ (walk off angle) 
 
 
           nmnm 205410 ⇒                     °535.85            °820.0  
 
           nmnm 243486 ⇒              °667.54  °649.4  
                          
           nmnm 244488 ⇒              °288.54                            °665.4  
 
           nmnm 266532 ⇒              °529.47                                   °796.4  
 
           nmnm 355710 ⇒                       °913.32                                   °197.4  
 
         nmnm 5321064 ⇒                     °880.22                                   °192.3  
 















The Single Pass Conversion Efficiency 
 
 The single pass conversion efficiency is a factor that enables us to predict the  
 
magnitude of the second harmonic power ( ω2P ) generated with respect to the  
 
fundamental beam power ( ωP ) value passing through the nonlinear crystal only once.   
 
The power conversion is not linear and has the form of: 
 
       22 ωω PP ∝                                    (3-7-1) 
 




       22 ωω ηPP = .                                   (3-7-2) 
 
 To maximize η  we have to have an efficient focusing of the laser beam into the  
 
crystal.  A circular beam has a higher η .  First, I consider the beam as a perfect circular  
 
beam.  Then, I will include effects of elliptical shaping caused by the walkoff  
 
phenomenon.  To achieve a desirable power output of UV laser at 243 nm for this  
 
experiment, one can focus a fundamental beam at 486 nm that should be optimized as a  
 
Gaussian beam or beam with 00TEM  mode.  The parameters concerning the focusing are  
 
beam waist or electric field radius oW  at 0=z , Rayleigh range Rz , length of crystal L ,  
 
and confocal parameter b .  The beam radius )(zW  and wavefront curvature )(zR  can be  
 




























zzzR R ,                       (3-7-4) 
 
ωkWzb oR
22 == ,                         (3-7-5) 
 
where ωk is the wave vector of the fundamental beam at 486nm for our experiment.   
 















FIG. 14.  A Gaissian beam focused in a crystal. 
 
To optimize focusing the length of crystal L  must be equal to theconfocal parameter b .   
 
The reason lies in the fact that for distances longer than Rz  diffraction becomes 
considerably high. Therefore, to achieve maximum focusing, choosing Rz  as L = Rz2  is 
critical. In practice, the beam waist oW  can be adjusted by focusing lenses optimized into 










= ,                          (3-7-6) 
 
where r is equal to 22 yx + .  We assume that z is the optical axis.  Therefore, 0=zE . 
 
Following the discussion by R. L. Byer, et al [9] and G. D.Boyd, et. al. [15], the power  
 
of a beam with electric field like (3-7-4) can be written as 
 
+ z















.              (3-7-7) 
 
By substituting the electric field from (3-7-6) into (3-7-7) we have: 
 
 














































                  (3-7-8) 
 
 
The beam power above implies that the peak of laser intensity can be written as 
 







= .                       (3-7-9) 
 
The effective area of the Gaussian beam is 
 









0Wπσ .                        (3-7-10) 
 
The second harmonic electric field ),(2 yxE ω  made by the fundamental beam field  
 


















Recalling the nonlinear coefficient effd  that was maximized by Eq. (3-5-17), the option  
 
of cutting the BBO crystal at °= 90φ  optimizes the efficiency.  This means that the phase  
 
matching and the walkoff happen in the zy plane.  A modified wave vector in the  
 















FIG. 15.  The phase matching condition on the zy plane( 0=φ ). 
 
By translating the coordinates to 
 
                            xx ′= ,  
  
       and               )( zLyy ′−+′= ρ                                          (3-7-12) 
 







2 ′−−= ∫ ρωω           (3-7-13) 
 
Writing ωE  (3-7-6) in two dimensions gives 
 

















z (optical axis) 
y
θm ρ




































ω               (3-7-15) 
 
By normalizing coordinates again using [16] 
 




Lyu −= 2 , 
 






= 2 ,                                      (3-7-16) 
 





t 2= , 
 
and defining the function ),( tuF  as 
 
                               ∫ +−= ττ dettuF
u 2)(1),( ,                        (3-7-17) 
 
Eq. (3-7-13) becomes: 
 









= .               (3-7-18) 
 
),( tuF  contains effects caused by walkoff.  For example, if 0=ρ  in the critical phase  
 
matching regime (3-7-18) becomes:  
 






























                    
ρ
π ωWLa =                                            (3-7-20) 
 
where aL  is the walkoff limit interaction length [15]. With this definition t   
 
becomes: 
                    
aL
Lt π2=                                              (3-7-21) 
 
Using (3-7-7), for calculating the total power of the second harmonic generated beam, we  
 
have:                                  
 













                    (3-7-22) 
 
By substituting ω2E  from (3-7-18) into (3-7-22) and assuming 
 








we can show: 
 




















= , (3-7-23) can be written as: 
 















            (3-7-24) 
 


















                               (3-7-25) 
 
Eq. (3-7-24) has been modified by[15], [9] to: 
 





























=                               (3-7-26) 
 
where ξ  is the focusing parameter: 
 
                                
b
L=ξ                                           (3-7-27) 
 
and B  is the walk off parameter: 
 
                                          LkB ωρ2
1=                                           (2-7-28) 
 
It has been proven that in the range of 2010 << B , for a value of =ξ 1.39 the factor  
 
),( ξBh  has its maximum value possible[5].  The factor ),( ξBh is the Kleinman focusing  
 
parameter which determines the losses through walkoff.  Using the Mathematica  
 














FIG. 16.  The )(Bh  factor as a function of B , for 8<B . 
 













A lower value of ),( ξBh  gives a higher loss by walkoff and vise versa.  ),( ξBh  as a  
 
function of B  for 50<B  has been fitted to the relation below [17]: 
 





BBh                    (-7-29) 
 
For a zero walkoff in the critical phase matching regime 0=ρ , 0=B , )0( =Bh  has a  
 
maximum of [15]: 
 
                                                 )0(max =Bh =1.068. 
 
The ( )ξ,Bh  factor decreases rapidly with increasing B  or walkoff parameter. 
 
For our experiment, B can be calculated at 
 
                               LkB ωρ2
1=  =18.9084           (3-7-30) 
 
The corresponding ),( ξBh  factor to 9084.18=B , using Eq. (3-7-29), is 
 





BBh ξ .    (3-7-31) 
 
 














Finally, the single pass conversion efficiency η  using (3-7-26) can be written as 
 






























==                        (3-7-32) 
 
The single pass conversion efficiency for frequency doubling of 486 nm light for type I  
 
phase matching using a 10 mm long BBO crystal at room temperature is calculated to be 
 






























==  =0.000134464 
W
1 .     (3-7-33)       
 
Now we are able to calculate second harmonic power ω2P  at 243 nm UV laser for any  
 
given power of the fundamental laser beam ωP  at 486 nm.  If the fundamental laser beam  
 
can provide mWP 50=ω , the corresponding ω2P would be 
 
                    ()486()243( 2
2
2 ==== nmPnmP ωωωω ληλ 0.000134464)
2)05.0(      
 
                                               W60000003361.0=        
 
                                               Wµ33.0=                                   (3-7-34) 
 
The laser power at 243 nm resulting from a single pass operation is extremely  
 
low.  As can be seen in Table V., the single conversion efficiency η  of the BBO crystal  
 
is not high due to the small value of the nonlinear coefficient effd .  To compensate this  
 
energy loss through the second harmonic process, the use of a buildup cavity is an option. 
 
In the next chapter, we will place the crystal in a standing build up cavity to  
 








TABLE V. Calculated mθ , effd , ρ , B , )(Bh and η  for SHG of different frequencies                 
using a 10 mm BBO crystal in the room temperature operation. 
  
 
      ωω λλ 2⇒                 mθ              )( V
pm






nmnm 205410 ⇒      °535.85       0.330        °820.0      3.643      0.189             0.623 
 
nmnm 243486 ⇒      °667.54       1.414        °649.4     18.931     0.037             1.348 
  
nmnm 244488 ⇒      °288.54       1.402        °665.4     18.908     0.037             1.344 
 
nmnm 266532 ⇒    °529.47       1.606        °796.4     18.615     0.037            1.372 
 
nmnm 355710 ⇒      °913.32        1.933        °197.4     14.059     0.049            1.121 
 
nmnm 5321064 ⇒    °880.22        2.080        °192.3      8.711      0.080            0.633 
 














Configurations of Buildup Cavities Using Mirrors 
 
 In the last chapter, we calculated the single pass conversion efficiency of SHG of 
 
486 nm light to produce a UV laser light at 243 nm.  But the final output power of UV  
 
light was very low.  A buildup cavity can amplify this power.  For our spectroscopy  
 
purpose, we need at least 2 mW power at 243 nm.  If the BBO crystal is placed between  
 
two highly reflective mirrors, the fundamental light can bounce back and forth and start  
 
building up the power of light. 
 
There are two common buildup cavity configurations that have been used  
 
successfully for resonators and optical amplifiers using mirrors.  They are called standing  
 

























 In a standing wave cavity power can get reflected from the input mirror back to  
 
the laser diode (LD).  On the other hand, in a ring cavity the reflected beam and build up  
 
beam leave the cavity with different angles from incident beam and don’t go back to the  
 
fundamental laser system.  This makes a ring cavity more practical..  The standing cavity  
 
configuration is simpler to align than the ring cavity.  For this reason, I would like to use  
 




Standing Buildup Cavities 
  
 By placing the BBO crystal between two mirrors the fundamental beam can be  
 
amplified, which means the SHG beam will be improved.  The job of frequency  
 



















The mirror M1 has a reflectivity of R1 and a transmission of T1 such that 
 







If the electric field for the fundamental wave is ωE  with power of ωP , the  
 
circulating electric field inside the cavity is cirE with power of cirP  and the second  
 




2 cirPP ηω =                                           (4-2-2) 
 




BU cir=                                            (4-2-4) 
 
where BU  is called build up factor and β  is overall power efficiency.  The BU  factor  
 
for a buildup cavity can be defined as a function of transmission of the mirror 1 ( 1T ) and  
 









=                 (4-2-5) 
 
                                         with        ωω 2LLL +=                   (4-2-6) 
 
where ωω 2, LL  are the fundamental and the second harmonic fractional round trip power  
 
losses.  For 11 <<T  and 1<<L , (4-2-5) becomes: 
 








=                             (4-2-7)    
 
Eq. (4-2-5) can be rewritten as: 
 








=        (4-2-8)    
 


















= .                  (4-2-10) 
 
In the equation above ω2L  must be calculated.  However, ωL  is the bulk loss for the 
 
fundamental wave and can be calculated using the absorption coefficient α 1 for 486 nm  
 
light in the BBO crystal.  Since 22 cirPP ηω = , ω2L  can be defined as 
 





2 = .                             (4-2-11) 
 
Assuming an absorption coefficient α  for cirP , cirP  is going to be the function of 
 
                                             zcircir ePzP
α−=)( .          (4-2-12) 
 
As it can be assumed that 2EP ∝ , Eq. (4-2-12) becomes: 
 
                                                  zcircir eEzE
α−= 22 )( .                    (4-2-13) 
 
By differentiating (4-2-12) we write: 
 
                   zcir
cir eP
dz
zdP αα −−=)(                (3-2-14) 
 
From conservation energy and power at any point in the crystal we have 
 




ωEEcir constant.          (4-2-15) 
 
By differentiating both sides of the equation above we can write: 
 
                                         dzzEzdE cir )()(
2
2 αω =                        (4-2-16) 
 









                                    )tanh()(2 zEzE cir αω =  
 
                                    )(tanh1)( 2 zEzE circir α−=               (4-2-18) 
where the boundary conditions of 222 circir PLP ηα =  and 
ωP
P
BU cir=  imply that 
                                        
L
BUPωηα =                                    (4-2-19) 
 























===       (4-2-20) 
 
Now, we can rewrite (4-2-8) as 
 








=        (4-2-21) 
 
The overall conversion efficiency β  (4-2-10) becomes: 
 















=                  (4-2-22) 
 
Because ωP , ωL , and η  are constant, we can optimize the η  and β  by using an  
 
appropriate input coupler mirror with optimized transmission coefficient 1T .  To do so,  
 





( WP 05.0=ω , 01.0=ωL  for BBO [13], W
10001344.0=η , L = 10 mm BBO).  We 
have found a maximum for β  at T1 = 0.011. 
 
 
                                      








FIG. 20.  Plotted β  as a function of T1. (at T1=0.011 there is a peak for β ) 
 
Therefore, to maximize the power of the second harmonic beam at 243 nm we need to  
 
use an input mirror with 1.1% transmission or 98.9% reflection for 486 nm light.  With  
 
these parameters, finally, we can predict the value of output power of the second  
 









TBU           (4-2-23) 
 
and overall conversion efficiency: 

















           (4-2-24) 
 
Therefore we can calculate from (4-2-3): 
 
                WPP 00296963.0)05.0)(0593926.0(2 === ωω β                
 







This is the amplified UV light power at 243 nm generated by SHG of a 486 nm laser  
 
beam using a 10 mm BBO crystal inside a standing wave buildup cavity. 
 
To avoid reflection of light from the surfaces of the crystal, we can cut the  
 
crystal at the Brewster angle.  The Brewster angle is the angle of which a light beam  
 
propagates across the boundary between two different media without being reflected.  At  
 














FIG. 21.  The reflection and the refraction of a light beam at a boundary. 
 
Writing Snell’s law for a boundary such as shown in FIG. 21. we have 
 




                                            °=Θ+∆+Φ 180            (4-2-27) 
 
The Brewster condition requires: 
 
                             °=∆ 90       ,      °=Θ+Φ 90         (4-2-28) 
 
For our application light propagates from the air ( 11 =n ) into the BBO crystal as  
 












                                   =ΘBairn sin Φsin486nmon = )90sin(486 Bnmon Θ−°  
 
          = Bnmon Θcos486        (4-2-29) 
 
Therefore, the Brewster angle for BBO at 486 nm becomes: 
 







        (4-2-30) 
 















FIG. 22  The Brewster cut BBO in a standing buildup cavity for SHG purpose. The Blue 
lines show the fundamental beam or the blue laser at 486 nm.  The Violet lines are 
propagation direction of second harmonic 243 nm UV laser. 
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